Mikus CR, Rector RS, Arce-Esquivel AA, Libla JL, Booth FW, Ibdah JA, Laughlin MH, Thyfault JP. Daily physical activity enhances reactivity to insulin in skeletal muscle arterioles of hyperphagic Otsuka Long-Evans Tokushima Fatty rats. J Appl Physiol 109: 1203-1210 , 2010 . First published July 15, 2010 doi:10.1152/japplphysiol.00064.2010.-Insulin-mediated glucose disposal is dependent on the vasodilator effects of insulin. In type 2 diabetes, insulin-stimulated vasodilation is impaired as a result of an imbalance in NO and ET-1 production. We tested the hypothesis that chronic voluntary wheel running (RUN) prevents impairments in insulin-stimulated vasodilation associated with obesity and type 2 diabetes independent of the effects of RUN on adiposity by randomizing Otsuka Long Evans Tokushima Fatty (OLETF) rats, a model of hyperphagia-induced obesity and type 2 diabetes, to 1) RUN, 2) caloric restriction (CR; diet adjusted to match body weights of RUN group), or 3) sedentary control (SED) groups (n ϭ 8/group) at 4 wk. At 40 wk, NO-and ET-1-mediated vasoreactivity to insulin (1-1,000 IU/ml) was assessed in the presence of a nonselective ET-1 receptor blocker (tezosentan) or a NO synthase (NOS) inhibitor [N G -nitro-L-arginine methyl ester (L-NAME)], respectively, in second-order arterioles isolated from the white portion of the gastrocnemius muscle. Body weight, fasting plasma glucose, and hemoglobin A1c were lower in RUN and CR than SED (P Ͻ 0.05); however, the glucose area under the curve (AUC) following the intraperitoneal glucose tolerance test was lower only in the RUN group (P Ͻ 0.05). Vasodilator responses to all doses of insulin were greater in RUN than SED or CR in the presence of a tezosentan (P Ͻ 0.05), but group differences in vasoreactivity to insulin with coadministration of L-NAME were not observed. We conclude daily wheel running prevents obesity and type 2 diabetesassociated declines in insulin-stimulated vasodilation in skeletal muscle arterioles through mechanisms that appear to be NO mediated and independent of attenuating excess adiposity in hyperphagic rats. insulin sensitivity; vasodilation; exercise INSULIN RESISTANCE is characterized by decreased sensitivity to the metabolic actions of insulin (glucose disposal) and is a hallmark of obesity and type 2 diabetes. Further, cardiovascular diseases characterized by endothelial dysfunction, including hypertension, coronary artery disease, and atherosclerosis are common morbidities associated with insulin resistance (34, 46) . In the endothelium, insulin stimulates at least two signaling pathways. One produces the vasodilator nitric oxide (NO), while the other stimulates production of endothelin-1 (ET-1), a potent vasoconstrictor (15, 34, 37) . Insulin-stimulated vasodilation enhances skeletal muscle perfusion and increases delivery of glucose and insulin to target tissues and is responsible for as much as 40% of insulin-stimulated glucose disposal following a meal (25). An imbalance in the vasodilator and vasoconstrictor actions of insulin has been described in obesity and type 2 diabetes and is proposed to contribute to diminished microvascular perfusion and skeletal muscle glucose delivery (8, 25, 26) . Although improvements in skeletal muscle insulin sensitivity and blood flow responses to hyperemia or acetylcholine (ACh) in response to aerobic exercise are widely documented, the effects of exercise on insulin sensitivity of vascular endothelium are not fully understood.
INSULIN RESISTANCE is characterized by decreased sensitivity to the metabolic actions of insulin (glucose disposal) and is a hallmark of obesity and type 2 diabetes. Further, cardiovascular diseases characterized by endothelial dysfunction, including hypertension, coronary artery disease, and atherosclerosis are common morbidities associated with insulin resistance (34, 46) . In the endothelium, insulin stimulates at least two signaling pathways. One produces the vasodilator nitric oxide (NO), while the other stimulates production of endothelin-1 (ET-1), a potent vasoconstrictor (15, 34, 37) . Insulin-stimulated vasodilation enhances skeletal muscle perfusion and increases delivery of glucose and insulin to target tissues and is responsible for as much as 40% of insulin-stimulated glucose disposal following a meal (25) . An imbalance in the vasodilator and vasoconstrictor actions of insulin has been described in obesity and type 2 diabetes and is proposed to contribute to diminished microvascular perfusion and skeletal muscle glucose delivery (8, 25, 26) . Although improvements in skeletal muscle insulin sensitivity and blood flow responses to hyperemia or acetylcholine (ACh) in response to aerobic exercise are widely documented, the effects of exercise on insulin sensitivity of vascular endothelium are not fully understood.
Lifestyle modifications, including exercise, caloric restriction, and weight loss, are associated with improvements in insulin sensitivity and endothelial function (12, 18, 19) . Exercise also enhances endothelial NO synthase (eNOS) expression in vessels that experience increases in blood flow during exercise (27, 31) , an effect that is associated with improved endothelium-dependent dilation (EDD) (10, 11) .
Although EDD is typically assessed by measuring blood flow responses to ACh or flow-mediated vasodilation (FMD), multiple redundant pathways mediate EDD (13, 40, 44) . These pathways are often differentially affected by disease, and selective EDD dysfunction in response to specific signals may be compensated for by parallel pathways (39, 47) . For example, ACh-induced vasodilation may be influenced by hyperpolarizing factors sometimes overexpressed in animal models of obesity and type 2 diabetes, whereas insulin-stimulated vasodilation is thought to be entirely NO dependent (7, 15) . Further, recent evidence suggests FMD of conduit arteries is not a reliable measure of global endothelial function in type 2 diabetes (17, 32) . Therefore, blood flow responses to FMD and ACh may not accurately reflect blood flow responses to insulin (2, 3) . This is an important distinction given the critical role of insulin-mediated blood flow in insulin-stimulated glucose disposal and the strong association between type 2 diabetes and cardiovascular diseases.
The purpose of this study was to determine whether chronic daily physical activity (voluntary wheel running) enhances vascular reactivity to insulin in skeletal muscle arterioles of a rodent model of hyperphagia-induced obesity and type 2 diabetes [Otsuka Long-Evans Tokushima Fatty (OLETF) rats]. We also sought to determine whether these effects were exercise specific or the result of an exercise-induced attenuation of adiposity. This was accomplished by including a group of rats that were calorie restricted to match the body weight and composition of the rats given access to running wheels.
OLETF rats possess null expression of the cholecystokinin receptor 1 (CCK1) and are widely used to study interactions between obesity/type 2 diabetes and exercise (28, 36, 50) .
OLETFs develop obesity and display insulin resistance by 16 wk of age and develop overt type 2 diabetes by 28 -30 wk of age (23) ; however, when given access to a running wheel, OLETF rats will voluntarily run, preventing the onset of obesity and type 2 diabetes (5). Our hypothesis was that daily wheel running and caloric restriction would prevent impairments in insulin-mediated vasodilation by attenuating adiposity and preventing whole body insulin resistance. We also hypothesized that daily wheel running would further enhance vasoreactivity to insulin through exercise-specific effects.
METHODS
Protocol approval. All experimental protocols were approved by the Animal Care and Use Committee at the University of Missouri.
Animals and housing. Male OLETF rats (n ϭ 24; Tokushima Research Institute, Otsuka Pharmaceutical; Tokushima, Japan) were obtained at 4 wk of age and were individually housed in cages maintained in temperature-controlled (21°C) animal quarters with 0600 -1800 light and 1800 -0600 dark cycles.
Experimental design. At 4 wk of age, rats were randomized to one of three groups: 1) voluntary wheel running ϩ ad libitum fed (RUN); 2) sedentary ϩ caloric restriction (fed ϳ70% of ad libitum-fed SED animals) (CR); or 3) sedentary ϩ ad libitum-fed controls (SED) (n ϭ 8 per group). Cages of the animals in the RUN group were equipped with running wheels connected to a Sigma Sport BC 800 bicycle computer (Cherry Creek Cyclery, Foster Falls, VA) for determination of daily running distance. All rats were provided with standard chow (Formulab 5008, Purina Mills, St Louis, MO) with approximately 26%, 18%, and 56% of energy derived from protein, fat, and carbohydrate, respectively. The SED and RUN groups were given ad libitum access to food, while the food provided to the CR group was modified weekly to ensure the mean body weights of the CR and RUN groups were closely matched. At 40 wk of age, rats were anesthetized with intraperitoneal administration of pentobarbital sodium (100 mg/ kg). Tissues were harvested, and the animals were killed by exsanguination. Food was removed from the cages, and the wheels of the RUN group were locked 5 h before death.
Serum markers. On the day animals were euthanized, whole blood was collected in EDTA tubes for analysis of glycosylated hemoglobin (HbA1c) by the boronate-affinity HPLC method (Primus Diagnostics, Kansas City, MO) in the Diabetes Diagnostics Lab at the University of Missouri. Additional blood was collected in separate EDTA tubes and centrifuged at 3,000 g for 5 min. The serum was removed and stored at Ϫ80°C until it was later analyzed for fasting glucose 
Intraperitoneal glucose tolerance test (IPGTT).
One week before animals were euthanized, rats were given 2 g glucose/kg body wt ip following a 12-h fast. Blood was collected from a tail vein at 0, 15, 30, 45, 60, and 120 min and centrifuged at 3,000 g for 5 min. The serum was separated, stored, and analyzed as described above. The glucose area under the curve (AUC) was calculated using the trapezoidal method.
Body composition and adiposity. The body mass of the rats was measured to the nearest 0.01 g and body composition was determined using dual-energy x-ray absorptiometry (Hologic QDR-1000/w DEXA calibrated for rats) under anesthesia on the day animals were euthanized. Following the DEXA, epididymal fat pads were removed and weighed to the nearest 0.01 g.
Vasoreactivity to insulin. The medial head of the gastrocnemius muscles were excised and pinned to a dissecting dish containing cold (4°C) MOPS-buffered physiological saline solution (PSS) containing, in mM, 145.0 NaCl, 4.7 KCl, 2.0 CaCl 2, 1.17 MgSO4, 1.2 NaH2PO4, 5.0 glucose, 2.0 pyruvate, 0.02 EDTA, and 3.0 MOPS (pH 7.4).
Second-order arterioles (2As) were isolated from the white portion of the medial head of the gastrocnemius muscle, cannulated, and mounted on a pressure myograph containing MOPS-PSS (37°C) as previously described (1, 27) . Continuous measurement of intraluminal diameter using a video camera mounted on a microscope was used to ascertain the effects of vasoactive substances added directly to the MOPS-PSS to attain desired concentrations. Vessels that did not develop spontaneous smooth muscle tone (Ͻ70% maximal diameter) were preconstricted with phenylephrine (PE; 10 Ϫ8 -10 Ϫ4 M). Endothelial and smooth muscle integrity were assessed by measuring vasoresponses to ACh (10 Ϫ8 -10 Ϫ6 M) and KCl (80 mM), respectively. Vessels that did not respond to ACh or KCl were considered unviable and discarded. Vasodilatory and vasoconstrictor responses to four concentrations (1, 10, 100, and 1,000 IU/ml) of bovine insulin (Sigma, St. Louis, MO) were determined following incubation with tezosentan (3 M), a nonselective ET-1 receptor blocker, or N G -nitro-L-arginine methyl ester (L-NAME; 0.1 mM), a NOS inhibitor, to assess vasoresponsiveness to insulin when ET-1 or NO are inhibited, respectively. The insulin was dissolved in 0.01 N HCl and diluted 1:10 with PSS containing 1% BSA. Maximal vessel diameter was determined following incubation of the vessels in calcium-free PSS containing 30 g/ml papaverine for Ͼ30 min.
Immunohistochemistry. Sections of the white portion of the gastrocnemius muscle were dissected and immersed in neutral-buffered 10% formalin for Ն24 h using standard techniques (21) . The sections were processed to paraffin embedment, and 5-m sections were cut with an automated microtome (Microm, Thermo Fischer Scientific, Bellefonte, PA), floated onto positively charged slides (Thermo Fischer Scientific, Bellefonte, PA), and deparaffinized. The slides were then steamed in citrate buffer at pH 6.0 (Dako target retrieval solution S1699, DAKO, Carpenteria, CA) for 30 min to achieve antigen retrieval and subsequently cooled for 30 min. Next, the slides were stained manually with sequential Tris buffer and water wash steps performed after each protocol step. Sections were incubated with avidin biotin two-step blocking solution (Vector SP-2001, Vector Laboratories, Burlingame, CA) to inhibit background staining and in 3% hydrogen peroxide to inhibit endogenous peroxidase. Nonserum protein block (Dako X909, DAKO) was applied to inhibit nonspecific protein binding. Immunostaining was performed using mouse antihuman eNOS (1:800 dilution, BD Transduction Laboratories, San Diego, CA), mouse phospho-specific anti-eNOS (1:800 dilution, BD Transduction), or rabbit anti-human porcine ET-1 (1:800 dilution, Penninsula Labs, Belmont, CA) incubated with the tissue sections overnight at 4°C. Sections were examined using an Olympus BX60 photomicroscope (Olympus, Melville, NY) and photographed with a Spot Insight digital camera (Diagnostic Instruments, Sterling Heights, MI) at 20ϫ magnification. Image Pro Plus software (Media Cybernetics, Silver Spring, MD) was used to quantify the positive area of staining. The staining was specific to the endothelium of vessels within the muscle (expressed as percent of total slide area, shown in red).
Statistical analysis. One-way ANOVA was used to detect significant group effects for body weight, body composition, fasting insulin, glucose and triglycerides, glucose responses to the IPGTT, and heart-to-body weight ratio. Repeated-measures ANOVA was used to detect group effects for percent relaxation in response to graded doses of insulin in the presence of either tezosentan or L-NAME. Where significant group effects were detected, univariate analyses were performed to detect specific between-group differences, and TukeyKramer post hoc comparisons were performed. All analyses were performed using SAS Version 9.1 (SAS Institute, Cary, NC). Data are presented as means Ϯ SE, and significance was set at P Ͻ 0.05. weeks 4 (3.9 Ϯ 0.2 km/day) and 10 (10.9 Ϯ 4 km/day), after which running distance gradually declined to 3.6 Ϯ 0.2 km/day at 40 wk ( Fig. 1) . Voluntary wheel running provided sufficient stimulus to produce exercise training adaptations as evidenced by the greater heart weight-to-body weight ratio observed in the RUN group (3.2 Ϯ 0.1 mg/g) relative to the SED (2.55 Ϯ 0.1, P ϭ 0.001 vs. RUN) and CR (2.7 Ϯ 0.1, P ϭ 0.01 vs. RUN) groups.
Food intake, body weight, and body composition. Average weekly food intake was significantly higher in the SED group (220.6 Ϯ 5.3 g/wk) than the CR group (150.8 Ϯ 0.1g/wk; P ϭ 0.001), and greater in the RUN (237.3 Ϯ 5.0) than SED (P ϭ 0.007) or CR groups (P ϭ 0.001). The mean body weights, percent body fat, and epididymal fat pad mass of the RUN and CR groups were similar, and were significantly lower than the SED group (P ϭ 0.006; Fig. 2 , A-C) at 40 wk of age.
Insulin sensitivity. Consistent with previous reports, the 40-wk-old sedentary, ad libitum-fed OLETF rats studied here displayed characteristics of overt type 2 diabetes, including two-fold higher HbA1c levels and reduced fasting insulin levels (43) . Additionally, both daily wheel running and caloric restriction protected against the development of type 2 diabetes. Fasting blood glucose and HbA1c were significantly higher in the SED group than either the CR or RUN groups (P ϭ 0.001; Fig. 3, A and D) . The glucose AUC following the IPGTT was significantly higher in the SED group than the RUN group (P ϭ 0.006; Fig. 3C ). Although the glucose AUC was 40% lower in the RUN than the CR group, this difference was not statistically significant (P ϭ 0.09). Conversely, fasting insulin concentrations were higher in the CR and RUN groups relative to the SED group (P ϭ 0.05; Fig. 3B ), suggesting pancreatic ␤-cell function was severely impaired in the SED animals at 40 wk of age.
Circulating ET-1. Fasting plasma ET-1 concentrations did not differ between groups (3.22 Ϯ 0.22, 2.88 Ϯ 0.12, and 3.2 Ϯ 0.80 pg/ml for SED, CR and RUN groups, respectively).
Vessel characteristics. In second-order arterioles taken from the white portion of gastrocnemius muscles of OLETF rats at 40 wk of age, maximal vessel diameter was not different among SED, CR, and RUN groups (116.4 Ϯ 6.4, 110.1 Ϯ 10.4, and 131.2 Ϯ 13.4 m, respectively). The number of vessels requiring preconstriction also did not differ significantly among groups (n ϭ 6, 7, and 6 for SED, CR, and RUN, respectively), nor did the concentration of PE used for preconstriction ( Fig. 4 ). These data provide evidence that ACh-induced endothelial dependent vasodilation is not impaired in the SED compared with RUN and CR animals.
Vasoreactivity to insulin. In the presence of the tezosentan, insulin-stimulated vasodilation (NO-mediated) was greater in the RUN group at all doses of insulin (1, 10, 100, and 1,000 IU/ml) relative to the CR (P ϭ 0.01) and SED groups (P ϭ 0.02; Fig. 5A ). Conversely, in the presence of L-NAME, vessel diameter did not differ among the groups in response to any dose of insulin (P for group effect ϭ 0.47; Fig. 5B ). Collectively, these data suggest daily voluntary wheel running enhances insulin-mediated vasodilation in second-order arterioles of the white gastrocnemius muscle through mechanisms that appear to be NO mediated and not reproduced by CR, i.e., these effects are exercise specific and not due to reduced adiposity.
Immunohistochemistry. Observations in sections of white gastrocnemius muscle stained for eNOS, phospho-specific eNOS, and ET-1 support our findings from the functional studies (vasoreactivity to insulin) described above. Percent staining for eNOS and ET-1 did not differ among the groups (P for group effect ϭ 0.12 and 0.13, respectively; Fig. 6 , A and C); however, staining for phospho-specific eNOS was significantly higher in animals from the RUN group than the SED (P ϭ 0.03) and CR groups (P ϭ 0.01; Fig. 6B ). These data indicate elevated basal levels of phospho-eNOS may contribute to the enhanced NO-mediated vasodilation observed in response to insulin in animals given access to running wheels and provide further evidence that these effects are exercise specific and independent of the attenuation of adiposity.
DISCUSSION
Here we report novel findings that daily voluntary wheel running enhanced insulin-stimulated vasodilation in skeletal muscle arterioles of hyperphagic rats prone to obesity and diabetes, an effect that appears to be NO mediated and specific to exercise. Daily voluntary wheel running and caloric restriction resulted in a comparable attenuation of body weight and adiposity and similarly maintained several measures of insulin sensitivity (fasting blood glucose and insulin, and HbA1c) compared with sedentary OLETF rats. However, only voluntary wheel running produced a glucose AUC in response to the glucose tolerance test that was significantly lower than that of sedentary animals. Furthermore, in the presence of an ET-1 inhibitor, insulin-stimulated vasodilation was greater in second-order arterioles from white gastrocnemius muscle of animals given access to running wheels than those with restricted food intake, suggesting daily physical activity exerts specific insulin-sensitizing effects on the arterioles of skeletal muscles likely recruited during exercise that are independent of attenuating adiposity.
Second-order arterioles isolated from the white gastrocnemius muscle of OLETF rats given access to a running wheel exhibited enhanced vasoreactivity to insulin when treated with an ET-1 receptor blocker, indicating that NO-mediated vasoreactivity to insulin is increased by daily wheel running. Although it is possible that these findings are the result of an increase in insulin-stimulated production of or sensitivity to alternative vasodilator substances or decreased responsiveness to ET-1, treatment of the same arterioles with a NOS inhibitor abolished the vasoactive response to insulin, suggesting the effects of exercise on insulin-mediated vasodilation are likely NO mediated. Further, these observations coincided with higher concentrations of phospho-specific eNOS in the white gastrocnemius of the animals given access to a running wheel relative to their sedentary counterparts.
Insulin-stimulated vasodilation accounts for ϳ40% of the increase in skeletal muscle glucose disposal during postprandial conditions by enhancing delivery and clearance of circulating insulin and glucose (8, 25, 41) . This process is impaired in obesity and type 2 diabetes (4, 9, 25, 26) due to an imbalance in the NO and ET-1 branches of the insulin signaling pathway (14, 16, 29, 30) . Interestingly, despite similar body weight and adiposity as well as fasting glucose and insulin levels in the CR and RUN animals at 40 wk, the glucose AUC in the RUN animals was 40% lower than that of the CR animals, a difference that approached significance (P ϭ 0.09). Although not directly tested in these experiments, it is plausible that the greater insulin sensitivity of skeletal muscle arterioles in the RUN group played a role in the more favorable IPGTT glucose and insulin responses in the RUN animals.
Contrary to previous reports of enhanced ACh responses in thoracic aortas of exercise-trained OLETF rats (33), we did not observe greater vasodilation in response to ACh in secondorder arterioles from the white gastrocnemius muscle of OLETF rats given access to a running wheel relative to sedentary or weight-matched animals at 40 wk of age. While these data should be interpreted with caution given our small sample size for this measure, our data suggest sedentary OLETF rats do not display global dysfunction of endothelial cell signaling pathways but rather impairments specific to insulin signaling in the endothelium of skeletal muscle arterioles.
Systemic factors linked to obesity and insulin resistance, including lipotoxicity, glucotoxicity, and inflammation, are often implicated in endothelial dysfunction, including impairments in insulin-stimulated vasodilation (6, 20, 45) . Although food restriction significantly abated lipotoxicity and glucotoxicity in the OLETF rat, unlike voluntary wheel running, food restriction did not improve insulin-stimulated vasodilation in skeletal muscle arterioles over that observed in the sedentary animals, suggesting physical activity may play a more powerful role in modifying vascular reactivity to insulin than dietary modification (food restriction).
Nonetheless, outcomes relating to the effects of caloric restriction in this study should be interpreted with caution. The purpose of the CR group in this setting was not to test the effect of caloric restriction per se, but rather to differentiate the effects of daily physical activity from those of attenuated adiposity on insulin-mediated vasodilation. Accordingly, the food intake of the CR group was restricted to ensure the mean body weight and adiposity of the CR animals were closely matched to those in the RUN group. It is possible that a "true" caloric restriction may produce effects different from those described here.
An additional limitation of the present study is the absence of data examining vasoresponses to insulin alone, leaving uncertainty as to the aggregate effects of insulin stimulation of the ET-1 and NO pathways. Preliminary work in our lab (data not shown) supported previous findings from others suggesting that vasoresponsiveness to insulin alone is modest in isolated microvessels, and assessments of the aggregate effect of insulin may best be explored using in vivo methodologies.
Despite overwhelming evidence that a sedentary lifestyle and low cardiorespiratory fitness are positively associated with risk of developing insulin resistance and type 2 diabetes, independent of body mass index, the majority of Americans fail to meet national physical activity guidelines (22, 24, 48) , and individuals with type 2 diabetes report lower levels of leisure time physical activity than their nondiabetic counterparts (35) . Alarmingly, projections indicate that rates of both physical inactivity (38) and type 2 diabetes (49) will continue to rise. While others have demonstrated improvements in insulin-stimulated capillary recruitment and glucose uptake in response to exercise training in previously sedentary, lean rats (41), little work has been done to specifically assess the effects of daily physical activity on NO-and ET-1 mediated vasoreactivity to insulin.
Consistent with previous reports from our group, daily exercise in the form of voluntary wheel running was associated with favorable metabolic outcomes in the hyperphagic OLETF rat (36, 42) . Here we report that daily wheel running is also associated with improved insulin-stimulated vasodilation in the presence of an ET-1 receptor blocker in skeletal muscle arterioles from a rodent model prone to obesity and type 2 diabetes. Maintaining or enhancing insulin-stimulated vasodilation and the resulting increase in blood flow may be one mechanism by which daily exercise preserves or improves insulin-stimulated glucose uptake and cardiovascular health. Future work is needed to definitively determine the effect of 
